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SUMMARY

This study aimed to verify the viability of the planned hot water heating network at
Dartmouth, and determine the necessary hot water radiator areas needed to satisfy the
empirically-determined heat demand for buildings on campus, using 5 year of steam consumption data. In order to verify viability, the pressure and temperature of the delivery
steam and return condensate of the current heating network were used to find the amount
of heat delivered per pound of steam to campus. The above-mentioned steam consumption data were then used to find the max heat demand for the past five years and from
this, the necessary flow rate of the new hot water network was determined based on the
intended temperate and pressures for the system. Additionally, those parameters, along
with the max demand determined earlier, were then used to find the necessary radiator
area given the known temperature drop across the heat exchangers, and by extension,
the heat transferred to each building. The conclusion of this study is that the planned network is viable and there are no foreseeable difficulties with meeting heat demand given
the stated thermodynamic properties of the planned distribution network.

xi

CHAPTER 1
INTRODUCTION AND BACKGROUND

1.1

Fundamentals of District Heat and Combined Heat and Power (CHP)

1.1.1 History of District Heating
The first district heating networks date back to medieval Europe, with the oldest continually operating network being the Chaudes-Aigues thermal station located in France. The
first district network constructed in the United States in 1853 is still in operation today
and supplies heat to the Annapolis campus of the US Naval Academy. Shortly thereafter,
the New York City district heat network was undertaken in 1877 by the New York Steam
Company, which would become part of what is now Consolidated Edison Company of
New York, Inc. [1]. The current steam distribution network at Dartmouth has been in
continuous operation since 1899 [2].
District heating provides a number of benefits over individual systems that heat buildings individually in a closed environment. Some of these benefits include overall flexibility
in choosing heat sources and independence from a sole heat source, allowing a more
diversified mix of fuel types to be utilized, which has ramifications on fuel spending. Overall, district networks tend to be more efficient, using less fuel as compared to individually
heating the same number of buildings. As a result, there are implications for improved
air quality and general environmental benefits due to the reduced GHG and particulate
emissions. The savings from reduced fuel consumption is passed on to tenants and
building owners, who have the option to retain more energy capital in the local economy.
Finally, district networks provide more reliability for consumers, as there is only one point
of generation and a dedicated staff of workers who maintain it on a continuous basis [1].
Despite the overall benefits of district heating, the system remains relatively uncom-
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mon in the United States and countries where there is little heating demand. In fact,
northern European countries have always been the primary users of district heat and
they currently maintain the largest, most efficient networks. More than half of all heat
capacity in Sweden is supplied by a single, 40 TWh network, and 65% of all homes in
Latvia and Lithuania are connected to district heat. The primary reason for the dearth of
district heat outside of Nordic and Scandinavian countries is primarily the lack of need
for sustained heat throughout the year, as well as cheaper fuel prices, especially in the
United States and Canada, who produce enough coal and fuel oil to mitigate the need for
cost-saving district heat systems. The largest users of district heating in the United States
are, in fact, colleges and universities, who find that district heating suits their needs perfectly given the relatively small, compact nature of their campuses and the fact that it is
easy to isolate them from the surrounding electricity and heating grid due to the singular
ownership of all buildings. Because a college generally owns most, if not all, of the buildings on its campus, unilaterally deciding to connect all buildings together is much simpler
process than negotiating with the same number of private home owners, as would be the
case in a city of urban area [3].
1.1.2 States of the Art
The basis of design for district heat involves a series of buildings all connected in a closed
loop via underground pipes that deliver either steam or hot water. The working fluid,
whether it be steam or hot water, is taken into the building and run through the buildingside internal heat network and returned to the network. In the case of a steam working
fluid, liquid condensate is returned to the central plant where it will be fed back into a
boiler and sent out as steam again. In the case of hot water working fluid, there is no
phase change, and the return fluid is slightly cooler hot water. Generally, the temperature
change in a hot water system is about 30 - 50 ◦ F. When a district network also involves
a cooling component, this is usually accomplished by passing the working fluid through a
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heat pump or absorption chiller, which uses the heat from the network to condense the
refrigerant, rather than using a compressor, which is how most commercial and residential
refrigerators work [4].
Over time, the states of the art for district heating have changed and the primary working fluid and operating temperatures have shifted to reflect the state of the technology at
the time. We are currently in the third generation, with most steam-to-hot-water conversions being undertaken since the 1980s using this regime. Dartmouth College currently
uses a Generation 1 network and the new planned network will be Generation 3. Generation 4 is not currently being implemented, but as technology improves, heating will
be accomplished by using ultra-low temperatures only a few degrees above that of conventional Domestic Hot Water (DHW). In this way, a building’s heating needs will be met
through radiators that take on new forms and allow for lower delivery temperatures by
taking advantage of large surface areas over which the heat will be transferred. Radiant flooring and ceiling panels are already in use, and as the technologies behind these
features improves, the delivered heat necessary to satisfy a building’s demand will be reduced. In addition to a reduction in demand for delivered energy, additional improvements
made to the logic systems that control building-side heat infrastructure will ultimately allow for the full implementation of Generation 4 systems. Smarter control systems that
more closely tailor the heat deliver to the demand will eliminate waste heat and provide
for more efficient systems overall [1]. An overview of the generations of district heating is
given below.
Table 1.1: Summary of District Heat Generations
Generation
Period
Working Fluid
Operating Temperature
1
Pre-1930s High-pressure steam
>212 ◦ F
2
1930-1980 High-pressure water
>212 ◦ F
3
1980-Pres. High-pressure water
<212 ◦ F
4
Future
Low-pressure water
120-140 ◦ F
Adapted from [1]
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1.1.3 Combined Heat and Power (CHP)
Combined Heat and Power (CHP), also called co-generation, is a process by which electricity is generated using the waste heat from steam or hot water production that would
otherwise be rejected to the environment. Unlike district heating, co-generation is relatively new, not gaining popularity until the late 19th century. There are two main methods
of co-generation, each using a different fuel type and thermodynamic principles. They are
described in more detail below.
1.1.4 Steam Turbine Generation
In a steam turbine generation setup, a boiler is used to create high-pressure steam that
is then fed into a back-pressure turbine that performs two functions simultaneously: 1.
drives a generator which creates electricity, 2. reduces the steam pressure to a usable
range before feeding it into the district distribution lines. The underlying thermodynamic
process used in steam turbine generation is called the Rankine Cycle, also referred to
as a bottoming cycle, and it characterizes the utilization of work derived directly from the
expansion of steam through a turbine after being vaporized in a boiler. The term bottoming
cycle is derived from the relative placement of these cycles on a T-s diagram. A bottoming
cycle generally lies at the bottom of the T-s curve, in the liquid-vapor region. The current
Dartmouth heating plant uses a series of bottoming cycle, back-pressure steam turbines
for co-generation [5].
1.1.5 Gas Turbine Generation
In contrast to steam turbine co-generation, gaseous fuels can be fed directly into a gas
turbine engine, which causes combustion of the fuel and uses the exhaust heat to boil
water in a heat exchanger. The underlying thermodynamic process here is the Brayton
cycle, also referred to as a topping cycle. As noted above, the topping cycle is so named
because it lies near the top of the T-s curve, in the supercritical region. The primary differ4

ence between gas and steam turbines is the fact that the feedstock in a bottoming cycle
regime is combusted in a boiler, which is then fed into the turbine, driving the generator
and passing the steam to the network at a reduced pressure. In a topping cycle regime,
however, the feedstock undergoes combustion directly in the turbine and steam is not created until the exhaust gases are fed through a heat exchanger. For this reason, bottoming
cycles are generally better at creating steam and usually less efficient at producing electricity. Conversely, topping cycles tend to be more efficient at producing electricity and
produce steam as a secondary characteristic [5].

1.2

Review of Selected Current and Completed Steam-to-hot-water Conversions

Put simply, a steam-to-hot-water (STHW) conversion is the process of upgrading or overhauling a Generation 1 or 2 heating network to Generation 3. This generally involves a
relatively labor-intensive operation that must decommission and replace existing steam
distribution lines and replace them with insulated hot water lines. In many cases, including at Dartmouth, steam lines are run through tunnels or corridors, meaning that the
infrastructure which supports the steam distribution network is substantial and requires
significant effort to replace. The reason for many steam lines not being buried directly is
that when Generation 1 and 2 facilities were constructed, it was not possible to properly
insulate the lines such that losses would not be unacceptably high. This is not to say
that some systems do not use direct-buried steam lines, Brown University uses several
miles of them, but that it was generally avoided in the past due to overall infeasibility under
most circumstances. Generation 3 networks do, however, usually consist of direct-buried
distribution lines and as such, STHW conversions generally require entirely new trenches
for these lines since most tunnels and corridors used for steam lines cannot handle the
additional infrastructure. Because steam is so energy-intensive to produce, volatile to distribute, dangerous to handle, and overall hard to control, the gradual phase-out of steam
systems and the switch to hot water has been in-progress for many years. Below are
5

several summaries of successful and ongoing STHW conversions being undertaken on
college campuses in the United States that attest to the potential benefits of switching to
hot water.
1.2.1 Stanford University
Stanford University in Stanford, California embarked on the Stanford Energy System Innovations (SESI) initiative, which sought to overhaul their entire energy production and
distribution system. Unlike Dartmouth, Stanford used a natural gas, Brayton Cycle CHP
plant since 1987. In 2009, the university released a comprehensive plan to address issues of sustainability in land stewardship, green building, transportation, energy, water,
and waste management. This report outlined a plan to upgrade its facilities and reduce
GHG emissions by switching to hot water from steam and implementing a heat recovery
system to satisfy a 70% overlap in simultaneous heating and cooling demand on campus.
By 2014, over 20 miles of distribution lines had been converted to deliver hot water and
by March 2015, 155 buildings had been upgraded to include hot water-based buildingside heating systems. In April of the same year, the existing natural gas CHP plant was
decommissioned and the new co-generation facility was brought online, marking the end
of the conversion [6].
Three years after completion of the conversion, the Department of Sustainability and
Energy Management released the figures for Stanfords emissions and energy and water
usage as compared to their pre-conversion statistics. At their peak, GHG emissions were
230,000 metric tons per year, and after conversion, they saw a 68% reduction, dropping
emissions to only 73,800 metric tons per year [7]. They now meet 88% of their heat
demands through heat recovery, and the new co-generation facility, in addition to several
large solar panel installations, supplies 65% of their annual energy usage. Finally, after
bringing the new co-generation facility online, the campus now uses 18% less potable
water [8].
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1.2.2 McGill University
McGill University in Montreal, Québec, is currently in the process of undertaking a 5-phase
STHW conversion on their main campus. After a successful conversion on a satellite
campus that returned over $400,000 in annual energy savings, university leadership have
now laid out a plan to convert the entire main campus by subdividing into 5 independent
distribution networks that are all fed from the same central plant, but each with its own
independent heat recovery network. The first phase of the project has already been
completed and construction is now underway on the second phase. The three remaining
phases are all in the planning stages. McGill is looking to achieve a 55% reduction in GHG
emissions and a 27% reduction in energy usage overall when the project is completed
in 2021. To achieve this, they have also instituted a strong energy usage awareness
campaign to run alongside the infrastructure upgrades [9].
1.2.3 Brown University
Brown University in Providence, Rhode Island, began a STHW conversion in 2017. The
current heating network at Brown is relatively uncommon in the sense that the district
distribution system delivers hot water already, but it is supplied at ultra-high pressure,
around 250 psig, so that the 350 ◦ F water remains in liquid form [1]. Once the water is
delivered to a building, it is expanded into a vapor and then fed through the building-side
heating system. The current plan for Brown calls for a complete overhaul of the production
and distribution network. The new central plant will burn natural gas rather than #6 fuel oil,
and the distribution network will deliver medium temperature water, in line with a typical
Generation 3 system, to campus. Finally, all buildings are to be upgraded to use hot water
heating systems [10].
As part of their overall push to reduce GHG emissions and energy usage, like McGill,
Brown has also implemented several awareness initiatives targeted at students and staff
to promote more sustainable practices that conserve energy. Since this initiative was
7

started in 2008, Brown has already seen a 27.4% reduction in GHG emissions and looks
to achieve 42% by 2020. Moreover, the project seeks to reduce overall energy consumption by 11% and save the university around $5 million annually on energy-related
expenses [10].

1.3

Current District Heating Network

1.3.1 Central Plant
The current central heating plant is located at 10 Vox Lane and is a bottoming cycle, cogeneration facility. The plant resides in the original 1898 building, which currently houses
4 boilers that are configured to burn #6 fuel oil at 0.5% and 1.0% sulfur concentrations as
their primary fuel source. In addition to this, Boiler #2 is also supplemented with #2 fuel
oil when appropriate [11].
Annually, the plant burns between 3.5 and 3.8 million gallons of #6 fuel oil and no
more than several hundred gallons of #2 fuel oil. From this, the plant is able to generate
approximately 42% (13.5 million kWh) of the campus’ electricity demand and over 400
million pounds of steam. The average makeup of freshwater to supplement losses in
distribution are between 10 and 15%.
Table 1.2: Heating Plant Totals for 2018
Month

Steam (lbs)

1
58,609,349
2
46,313,930
3
46,008,264
4
38,070758
5
22,341631
6
16,512411
7
18,550,313
8
19,632,639
9
20,814,800
10
31,709,479
11
42,870,055
12
49,983,196
Totals 411,416,825
Adapted from [12]

Generated Purchased Makeup #6 Oil (0.5%) #6 Oil (1%) #2 Oil
(kWh)
(kWh)
%
(Gal)
(Gal)
(Gal)
1,960,052
890,970
11.6
177,781
324,985
294
1,629,864
906,550
13.9
166,976
230,811
0
1,714,414
891,258
12.5
121,213
275,351
0
1,362,605
1,238,947
11.4
202,780
120,856
0
591,501
2,108,303
11.6
148,454
43,143
0
365,941
2,078,299
19.5
41,210
105,732
0
395,163
2,476,752
19.6
90,342
70,966
0
448,077
2,385,936
14.8
119,475
49,490
0
508,849
2,274,522
12.3
108,798
70,816
0
1,064,810
1,741,418
10.0
143,984
127,378
47
1,541,894
1,105,222
10.3
163,242
206,124
0
1,733,875
699,523
11.3
137,321
293,299
0
13,317,045 18,797,700
13.2
1,621,576
1,918,951
341
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1.3.2 Distribution Network
The campus is supplied with steam via a 5-mile distribution network, with approximately
2.7 miles of steam tunnels and 2.3 miles of direct-buried lines. The tunnel network was
constructed in the early to mid-nineties and runs from the central heating plant to the
north campus, branching off as needed to supply the west campus [13]. The tunnels are
square, 8 foot by 8 foot concrete, steel-reinforced conduits that carry a 20-inch diameter
steam delivery line and a 6-inch diameter condensate return line. The steam expands
through the turbines in the heating plant and proceeds into the delivery line as superheated vapor where it is taken to buildings currently connected to the network at 5 psig
and approximately 266 ◦ F. The characteristics of the current distribution are given below.
Table 1.3: Steam Delivery Characteristics
Steam Delivery Temperature
266 F
Steam Delivery Pressure
20 PSIG
Condensate Return Temperature
163 F
Condensate Return Pressure
0 PSIG
Enthalpy of Delivery Steam 1,175 BTU/LB
Enthalpy of Return Condensate
131 BTU/LB
Heat Transfer to Building 1,044 BTU/LB
Adapted from [14]

1.3.3 Current Building Connections
There are currently 115 buildings on campus that are connected to the district network. In
addition to these buildings, there are also preliminary plans to add 8 additional buildings
or structures that will be connected to the district network as they are completed. Each of
these 123 buildings falls into one of the five categories listed below, and the exact list of
buildings and their current configuration is given in Appendix A, Tables A.1 - A.5.
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Steam
Hot Water
Hybrid
Future - Hot Water
New

Buildings that are currently connected to the district steam network
and have an internal heating system based on steam.
Buildings that are currently connected to the district steam network
and have a steam-to-hot-water heat exchanger and an internal
heating system that uses hot water.
Buildings that are currently connected to the district steam network
and use a mixture of steam and hot water for internal heating.
Buildings that are under consideration for connection to the
planned hot water network once it has been completed.
Buildings that have not yet been built and are still in the planning
and design phase and will be connected to the hot water network
once completed.

Adapted from [15]

1.4

Planned District Heating Network

1.4.1 Central Plant
The proposed new central heating plant will be located southeast of the campus at the
abandoned Trumbull-Nelson site, approximately 1.5 miles from the current heating plant.
Due to the long distance between the heating plant and the central campus, there will be a
booster pump located just south of the Leverone Field House and Thompson Arena. The
new plant will be designed to burn primarily woody biomass, but will also be equipped to
burn a yet-to-be-determined liquid biofuel, such as spent vegetable oil or some variety of
biodiesel [16].
The new plant will use a gasification boiler to produce syngas from the woody biomass.
At the time of submission of this study, the plan is to use a 100% biomass-fueled thermal
boiler with a 27MW capacity. In addition, there will be two supplemental oil-fired boilers
for satisfying peak-load demand, each with a capacity of 26 MW. Generation of electricity
will be accomplished through two organic Rankine cycle (ORC) generators, which are
specifically designed to operate with intake air that has high concentrations of organic
material, like what is found in the syngas produced from wood gasification [17]. The
specifics of these components, such as manufacturer, has not yet been determined.
In order to satisfy demand, the fuel input to the primary gasification boiler will need
to be approximately 92 MMBTU or 10 tons of woody biomass per hour. This is based
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on the assumption that the woody biomass will have an overall moisture content of 42%,
and a lower heating value of 4,341 BTU/LB [18]. The table below gives the necessary
requirements for fuel intake and storage.
Table 1.4: New Plant Biomass Storage Requirements
Storage of Wood Chips
Fuel input
92.91 MMBTU/HR
Equivalent full load hours
3,500 HR/YR
Moisture content of biomass
42 %
Lower heating value
4,341 BTU/LB
Density of wood chips
17.5 LB/Cu. Ft.
Fuel consumption at full load 21,195 LB/HR
Adapted from [18]

1.4.2 Distribution Network
The new distribution network will be very similar, in principle, to the existing steam distribution network. The primary differences will be that the new lines will deliver liquid water,
and that they will be directly buried. This means there will be no need for building new
tunnels, and after completion of the new network, there will be no need for the existing
tunnels. The current plan is to leave the existing infrastructure in place and use it for communications lines, which are already placed in the tunnels in some locations [19]. The
table below gives the design parameters for the new distribution network based on the
building configurations described in Section 1.3.3.
Table 1.5: Hot Water Delivery Characteristics
Hot Water, Hybrid,
Steam and New
and Future Buildings
Buildings
◦
Delivery Temperature
185 F
185 ◦ F
Steam Delivery Pressure
150 PSIG
150 PSIG
Return Temperature
136 ◦ F
113 ◦ F
Condensate Return Pressure
0 PSIG
0 PSIG
Enthalpy of Delivery Water 1,279 BTU/GAL
1,279 BTU/GAL
Enthalpy of Return Water
871 BTU/GAL
679 BTU/GAL
Heat Transfer to Building
409 BTU/GAL
600 BTU/GAL
Enthalpy values taken from [20]
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1.5

Scope of Study

The point of this study was to determine the general feasibility of the proposed district hot
water network with the parameters specified by the design contractor, Ramboll Group, and
then to determine the new radiator characteristics needed to satisfy the established heat
demand for buildings on campus. Because there are far too many buildings connected to
the district network to realistically study all of them in the time-frame of this project, two
buildings were instead chosen such that they would together embody the overall purpose
and condition of existing infrastructure on campus. With that in mind, it was obvious that
the two buildings would need to necessarily be one academic building and one residential
building, as these are the two primary functions of the 115 existing buildings. Moreover,
the buildings were also determined in such a way that one exemplified the “worst case
scenario,” meaning that it is poorly insulated, has a woefully poor thermal envelope, and
has generally not been kept to standards on energy performance. The other building was
chosen such that it demonstrated one of the more energy-efficient and well-performing
standards for buildings on campus.

1.6

Buildings under Consideration

1.6.1 New Hampshire Hall
New Hampshire Hall is a four story structure with an additional basement level. It was constructed in 1907 and is nominally 40,016 square feet in area, and has a maximum capacity
of 202 persons. The facade is red brick and the roof is copper sheeting. New Hampshire
Hall currently uses a steam-to-hot-water heat exchanger such that the building-side heating system is already in a hot water configuration.
In 1980, a living room of approximately 550 sq. ft. was added to the south side of the
building, which extends from the basement level up to the first floor. During this addition,
the envelope was expanded and a significant portion of the original existing exterior wall
12

was removed to make room for the new living area. In 2009, the building underwent a full
redesign and the envelope was upgraded. Many of the interior structural elements were
removed and replaced. Additional spray foam insulation and furring walls were added
to the existing structure. During the renovation, the contractors opted to install different
thicknesses of insulation, on the different floors. Generally, the thickness of the walls
varies as a function of height. The ground floor wall is the thickest, at 26.625 inches, the
2nd and 3rd floors are 22.625 inches, and the 4th floor walls are 20.625 inches thick. The
composition of the above-grade walls are variable, but generally include brick masonry
of variable thickness, 2 inches of spray foam, an air gap of approximately 6 inches, and
about 0.625 inches of gypsum plaster.
The building sits on a sloped pad and the basement level is entirely exposed on the
south elevation, while a maximum of about 1 foot of basement wall is above grade on the
north elevation. The basement wall is composed of two wythes of 14-inch concrete masonry units, an air gap, and approximately 0.625 inches of gypsum plaster. As mentioned,
various parts of the building also include interior furring walls, but this is not standard for
the entire building.
The copper sheet roof is laid over a wood frame, with 6 inches of spray foam between
the wood rafters. Separating the spray foam from the attic space is an approximately 3.5inch air gap with a 0.625-inch gypsum plaster covering. In order to bring the building into
compliance with minimum egress codes, two additional enclosed stairwells were added
to the east and west sides of the building during the 2009 renovation. The composition
of the walls of the new additions is the same as the existing walls. Windows are Marvin
brand , U=0.30, “Low-e” argon windows. All exterior doors have solid-wood cores. Below
is a summary of the R-Values for New Hampshire Hall as determined empirically. All
information given in this section was either measured directly or synthesized from the
HVAC, architectural, and structural drawings provided by the contractors during the 2009
renovation [21].
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Table 1.6: New Hampshire Hall Envelope Characteristics
R-Value
U-Value
Assembly
(HR*SF*F/BTU) (BTU/HR*SF*F)
1st Floor Existing Wall
24.989
0.040
2nd, 3rd Floor Existing Wall
24.209
0.041
4th Floor Existing Wall
25.259
0.040
Basement Wall Above Grade
29.316
0.034
Basement Wall Below Grade
29.150
0.034
1st,2nd,3rd Floor New Wall
19.761
0.051
4th Floor New Wall
17.212
0.058
Roof
48.059
0.021
Windows
3.333
0.300
Doors
2.000
0.500

1.6.2 Dartmouth Hall
Less is known about Dartmouth Hall due to the fact that the structure has not been significantly altered since it was rebuilt in 1935 after being totally destroyed by fire. Unlike New
Hampshire Hall, few drawings exist for the current layout of Dartmouth Hall, and it was not
possible to determine, with the same degree of accuracy, the envelope characteristics,
and they are therefore omitted from this report.
What is known is that the building is three stories with an additional basement level
that rises approximately three feet above ground level on all sides. The facade is white
brick over concrete masonry units and the roof is metal sheeting. There is a thin layer
of gypsum siding on the interior of the building and the windows are conventional, single
pane glass. The building is approximately 37,129 square feet in area [15]. Dartmouth Hall
uses a building-side steam heating system.
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CHAPTER 2
METHODOLOGY

2.1

Steam Consumption Data

The basis of this study is founded on the steam consumption data taken from the archives
maintained by Facilities Operations and Management. Exactly five years of data were
used, spanning the period from 12:00 AM, January 1, 2014 to 12:00 AM, January 1,
2019. The total number of data points in this period is equal to the number of hours in
a 5-year period, 43,800. Because there is essentially no heating demand in the summer
months, all data points between 12:00 AM, June 1 and 12:00 AM, October 1 of each year
were omitted and all non-zero values were considered errant or inconsequential to the
overall magnitude of this study.
The data for Dartmouth Hall were retrieved from the VantagePoint archives directly in
the form of hourly average flow rates in LBS/HR. The same hourly mass flow rate data
for New Hampshire Hall were not available due to a corruption in the archival system.
Instead, the magnitude of consumption was used, which gave the running total of hourly
consumption over time, beginning with an arbitrary zero point at time, t = 0, when the
steam meters were reset for the last time. The plot of this data is given in Appendix
C. From this information, the mass consumption of steam was found by subtracting the
hourly magnitudes in the following fashion:
Mhourly = M (t) − M (t − 1)
For illustration, here is a sample of the data, with calculated hourly consumption rates for
the first few points in the set.
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Table 2.1: Sample Calculation of Hourly Steam Consumption for New Hampshire Hall
Date
Time
Total (LBS avg.) Hourly (LBS/HR)
1/1/14 00:00:00
1,610,939
N/A
1/1/14 01:00:00
1,611,355
417
1/1/14 02:00:00
1,611,605
250
1/1/14 03:00:00
1,611,772
167
1/1/14 04:00:00
1,612,188
417
1/1/14 05:00:00
1,612,355
167
1/1/14 06:00:00
1,612,605
250
1/1/14 07:00:00
1,612,771
167
1/1/14 08:00:00
1,613,188
417
1/1/14 09:00:00
1,613,438
250
Adapted from [22]

2.1.1 Quality of Data
There were several complicating factors that required attention before the steam consumption data could be considered reliable and useful in this analysis. They are detailed
below for both cases.

Range Constraints
It was occasionally the case that a meter would incorrectly report a negative value for
the consumption of steam in Dartmouth Hall. The implication of this is that steam flowed in
the reverse direction through the meter, effectively saying that the building supplied steam
to the network. This is not physically possible and needed to be resolved. Because it
was usually the case that the magnitude of the errant value was drastically higher than
the magnitudes of the values on each side of the point in question, it was not feasible to
simply take the magnitude by multiplying the value by -1. Instead, the errant values were
changed to zeros and interpolated or imputed as appropriate as described in the following
section.
For New Hampshire Hall, there were no negative values to correct, but as can be seen
by the plot of total steam consumption, there were many points which were recorded as
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zero which needed to be interpolated from the data points on each sides of the errant
zero values.

Uniqueness Constraints
For New Hampshire Hall, it was clear that the hourly consumption oscillated between
a small number of values, with few exceptions. These values, 167, 250, and 417 lbs/hr,
make up 94.8% of all non-zero consumption rates and initially raised concerns about the
reliability of these data. After consulting Energy Management and Engineering Services
within the Division of Facilities Operations and Management, it was ultimately determined
that these data are reliable and the oscillations between set values was a result of the
newer heating systems and the logic that controls these systems. The heating systems
are set to use a predetermined flow rate which has been shown to satisfy the heat demand
for the building under given conditions. There are three values that the data oscillate between because there are three different settings that reflect the outdoor condition, and by
extension, the building’s demand for heating at a given time. As an additional check on
the validity of these data, the total heat consumption for both buildings was found, and
it was determined that New Hampshire Hall consumed 1.95 times the heat energy that
Dartmouth Hall did over the same 5-year period, indicating that the consumption totals for
both buildings were, (a) in the same order of magnitude, and (b) reasonably close. There
were no concerns about uniqueness for the Dartmouth Hall data.

Completeness
Both data sets had large sections of missing points and this was addressed in one
of two ways, depending on the nature of the errant missing values. Before interpolation
or imputation could be done, the total number of data point in each set needed to be
confirmed to be 43,800 as detailed in Section 2.1. This was done in Excel by creating a
script that read the hour of each reading. If the number of hours in a given day was not
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24, the script would add enough rows to bring the total number of hours up to 24. Below
is an section of data that needed to be corrected in this way, and the data after it was fixed
by this script.
Table 2.2: Sample of Correction of Missing Data Points
Original Data
Fixed Data
Date
Time
Flow (LBS/HR) Date
Time
Flow (LBS/HR)
3/4/14 19:00:00
251.25
3/4/14 19:00:00
251.25
3/4/14 20:00:00
243.75
3/4/14 20:00:00
243.75
3/4/14 21:00:00
273.75
3/4/14 21:00:00
273.75
3/5/14 00:00:00
327.5
3/4/14 22:00:00
0
3/5/14 01:00:00
320
3/4/14 23:00:00
0
3/5/14 02:00:00
303.75
3/5/14 00:00:00
327.5
3/5/14 03:00:00
288.75
3/5/14 01:00:00
320
3/5/14 02:00:00
303.75
3/5/14 04:00:00
281.25
3/5/14 05:00:00
241.25
3/5/14 03:00:00
288.75
3/5/14 06:00:00
263.75
3/5/14 04:00:00
281.25
3/5/14 07:00:00
251.25
3/5/14 05:00:00
241.25
Adapted from [23]
Once the missing points were inserted and automatically set to zero, they could be
interpolated or imputed as necessary as described below.
Missing data were divided into two categories for analysis: segments of data which
consisted of 5 or fewer consecutive missing points, and segments that consisted of 6 or
more. For the former, interpolation was used, for the latter, imputation. The methodology
is detailed below.
2.1.2 Interpolation Method
The data were loaded into MATLAB and processed with the fillmissing() command.
The method used for interpolation was the “movmean” method, which the official documentation describes as a “moving average over a window of length w,” where the “moving
windows are defined relative to the sample points. For example, if t is a vector of times
corresponding to the input data, then fillmissing(t,’movmean’,3) has a window
that represents the time interval between t(i)-1.5 and t(i)+1.5” [24]. In this study,
18

the window was set to be 4, meaning that the two non-zero values immediately before and
after the section of missing values were the basis for determining the interpolated values.
2.1.3 Imputation Method
In the same fashion, the data were loaded into MATLAB and the fillmissing() command was used again. However, in this case, the method was changed to “linear” and
“spline.” Because of the nature of how these methods work, the data needed to be run
through the command several times in order for all missing values to be imputed. The
linear and spline methods were alternated until the data were corrected and all zeroes
had been imputed.
The documentation describes the linear and spline methods as being “linear interpolation of neighboring, non-missing values” and “piecewise cubic spline interpolation,”
respectively [24]. For the imputations, the window was enlarged to 6, meaning the imputation was performed with the 3 values immediately before and after the missing section.

2.2

Determination of Hot Water Flow Rate

Even after data were interpolated and imputed as necessary, there were some points that
seemed dubious, namely the max values in the sets. For this reason, the percentiles of
the steam flow rates were found to give a better idea of how the max values related to the
overall distribution of data. The standard 25, 50, and 75th percentiles were calculated,
and for additional insight, the 80, 90, and 95th percentiles were also calculated and are
tabulated below for both buildings.
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Table 2.3: Building Steam Consumption Percentiles
Max (BTU/HR)
Percentile Dartmouth Hall New Hampshire Hall
25
23,490
174,087
50
129,195
260,739
75
192,742
261,000
80
206,190
261,000
90
246,645
261,000
95
296,235
434,826
Max
575,505
695,826
Adapted from [22] and [23]

From this, it is clear that the max values are far above even the 95th percentile values, 1.94 times higher for Dartmouth Hall, and 1.6 times higher for New Hampshire Hall.
For this reason, it was reasoned that the max values could be attributed to either unusually unseasonable conditions or errant recordings that were not addressed by the above
methods because they were not zero values to begin with. Because of this, the necessary
flow rates for the new hot water distribution system were found using the 95th percentile
values as detailed below.
Table 1.5 gives the enthalpy of the delivery and return water for both building configurations, where the return temperature is 136 ◦ F for hot water, hybrid, and future building
configurations, and 113 ◦ F for steam and new building configurations. From this, Table
1.5 also tabulates the heat transferred to the building under ideal conditions, assuming a
typical 85% efficiency for the heat exchanger. Given this value in BTU/GAL, the necessary flow rate in GAL/HR can be easily calculated by the following:

Heat transfer to building, Q

95th percentile heat demand for building, D

Heat exchanger efficiency, η

Required flow rate, F
F =

D
η×Q
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(2.1)

2.3

Determination of Hot Water Radiator Area

In order to simplify the analysis of radiators, all values were converted to SI units. The
following is the general outline of the process used for determining the new required
radiator area for both buildings.
First, the Rayleigh number was found for the given characteristic length of the primary
space to be heated in each building. For New Hampshire Hall, this is the bedrooms, and
for Dartmouth Hall, this is the classrooms. The Rayleigh number is a dimensionless quantity describing the buoyancy-driven flow of the air in the room under natural convection,
which is required to find the ratio of convective to conductive heat transfer at the boundary of the radiator and the air in the rooms. The equations for the Rayleigh and Nusselt
numbers is given below, with the following constant values for air at 68 ◦ F as taken from
relevant literature. While the Rayleigh number equation is static for all cases, the equation for the Nusselt number varies as a function of the range of the Rayleigh Number.
Equation 2.3 below is an empirically-determined expression for the Nusselt Number for
“all regimes” of Rayleigh numbers. The characteristic length, L, was also found for each
building and is given in Section 3.2.

RaL =
g = 9.81 m
s2
β=

1
293.15 K

gβ∆T L3
[25]
να

ν = 1.51 × 10−5 ms , [26]
2

(2.2)

α = 2.14 × 10−5 ms , [27]
2

L = variable for each building

∆T = 65 K

2

1



N U L = 0.825 +

0.387RaL6
9

8

(1 + (0.492/P r) 16 ) 27



[28]

(2.3)

P r = 0.715, [27]

h=

N U Lκ
L
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(2.4)

κ = 25.68 × 10−3 mWK , [27]

A=

Q
h(Ts − T∞ )
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(2.5)

CHAPTER 3
RESULTS

3.1

Minimum Flow Rates

Using Equation 2.1, the overall minimum flow rate for the new distribution network was
found. The results are given below.
Table 3.1: Minimum Necessary Hot Water Flow Rates
Parameter
Dartmouth Hall
New Hampshire Hall
η
85 %
85 %
Q
409 BTU/GAL
600 BTU/GAL
D
296,235 BTU/HR
434,826 BTU/HR
F
853 GAL/HR
852 GAL/HR

From this analysis, the required flow rates for the two buildings are remarkably close
to each other.

3.2

Minimum Radiator Areas

Using equations 2.2 through 2.5, the following values were tabulated for each building,
and the area requirement, A, is given on a per room basis.
Table 3.2: Minimum Necessary Per-Room Area for Hot Water Radiators
Parameter
Dartmouth Hall
New Hampshire Hall
L
4.73 m
3.45 m
RaL
712,336,449,126 unitless 276,413,359,960 unitless
NUL
992 unitless
730 unitless
2
h
5.39 W/m K
5.44 W/m2 K
2
A
3.30 m
3.38 m2
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3.3

Determination of Mass Flow Ratio

The ratio of mass flow requirements was determined as a supplement to help visualize the difference in shear magnitude of mass needed to satisfy the buildings with both
steam and hot water. The ratio was determined simply by taking the minimum flow rate
requirement determined in Section 3.1, multiplying it by the weight of water at 1 atm,
8.314 pounds/gallon, and then dividing the product by the 95th percentile value for steam
delivery taken directly from the original data sets.
Table 3.3: Hot Water to Steam Mass Flow Ratios
Parameter
Dartmouth Hall New Hampshire Hall
Hot Water Volume Flow Rate
853 GAL/HR
852 GAL/HR
Hot Water Mass Flow Rate 7,090 LBS/HR 7,083 LBS/HR
Steam Mass Flow Rate
284 LBS/HR
417 LBS/HR
Mass Flow Ratio
25:1
17:1
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CHAPTER 4
DISCUSSION

The first thing to point out from the results is how strikingly similar the minimum hot water flow rate requirements are for both buildings. Despite Dartmouth Hall being a much
more energy-inefficient building overall, with a much more leaky envelope and outdated,
building-side steam heating system, it measures up remarkably well against the much
newer, more efficient New Hampshire Hall. One of the original justifications for choosing
Dartmouth Hall was that it would provide a reasonable baseline for the “worst case” scenario, as it is easily one of the worst buildings on campus in terms of energy usage per
square foot. However, in spite of this, it seems that this preliminary analysis shows that
Dartmouth Hall is capable of being heated with essentially the same flow rate as New
Hampshire Hall, as there is only a 0.11% difference between the minimum rates for both
buildings. One possible explanation for this is the fact that New Hampshire Hall, being
a dorm is much more climate-controlled than Dartmouth Hall. Whereas Dartmouth Hall
is often drafty and not thermally stable, New Hampshire Hall is kept at a more or less
constant 68 ◦ F year-round. Moreover, Whereas Dartmouth Hall is inhabited throughout
the day, when outside temperatures are at their warmest, New Hampshire Hall is inhabited mostly at night, when outside temperatures are at their lowest, and therefore when
heat demand is greatest. This would potentially explain why New Hampshire Hall consumed nearly twice as much heat energy over the 5-year period of this study, compared
to Dartmouth Hall, as noted in Section 2.1.1.
Moreover, it was also interesting to note that the pro-rated minimum radiator area per
room was also strikingly similar for both buildings, at 3.30 and 3.38 square meters for
Dartmouth Hall and New Hampshire Hall, respectively. Even though Dartmouth Hall has
a larger characteristic length, the return temperature for a steam configuration building is
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lower than for a hot water building like New Hampshire Hall, as shown Table 1.5, therefore
signifying that the energy transfer to the building is larger given that ∆T across the heat
exchanger is larger. This apparently makes up for the larger characteristic length and
brings the required area down below that of New Hampshire Hall.
Contrary to what would be expected intuitively from the other comparisons listed
above, one would expect that New Hampshire Hall would likewise have a larger ratio
of mass flow between steam and hot water. However, the exact opposite appears to be
the case, with Dartmouth Hall having a larger difference in mass flow required to satisfy
its heat demand with hot water, at 25:1, whereas New Hampshire Hall only requires a
17:1 increase in mass flow from steam to hot water. Again, it appears this is due to the
fact that the return temperatures for these two buildings are different, meaning the normal
apparent relationships between their usages no longer holds true.

26

CHAPTER 5
CONCLUSION

Overall, the results of this study showed that the feasibility of the planned hot water network, as currently intended by the College and its contractors, is absolutely attainable and
practical, given the intended parameters. This study sought to verify the thermodynamic
viability of the new network by checking that the heating demand for buildings on campus
can still be met with a reasonable flow rate of hot water, given the historical heat demand
from the previous 5 years. Moreover, it sought to determine the necessary hot water radiator area needed to maintain the same heat load, given that the area needed will be
much larger than the current steam radiators, since the heat transferred to the building on
a per unit mass basis will be much smaller with hot water. Both of these questions were
answered and the results were well within the realm of possibility.
While it is outside of the scope of this study it is still necessary to acknowledge the
implications a STHW conversion has for Dartmouth. As mentioned in all three of the case
studies given in Section 1.2, GHG emission reductions are an almost universal byproduct
of STHW conversions, and because Dartmouth is still burning #6 fuel oil, one of the dirtiest, carbon-intensive fossil fuels on the market, a switch to anything, especially woody
biomass, will result in a large GHG emissions reduction that could rival any of the three
examples given. That being said, it should be noted that there is currently a somewhat
contentious debate regarding the correct way to account for carbon released during combustion. It would be irresponsible to claim that the new plant will be anything close to
carbon-neutral, as some would claim, due to the fact that wood produces more carbon
per kWh than does coal [29]. Wood is preferable, however, due to the timescale on which
it grows. Trees grow within a matter of decades, and so any carbon that is released by
burning wood can, in theory, be sequestered again in a matter of years by reforesting any
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area that is deforested. This is not the case with fossil fuels, which take on the order of
several million years to sequester carbon. All things considered, if the options are burning
heavy fuel oil or woody biomass, the choice is clear: biomass is the way to go, but with the
necessary caveat that any area that is deforested must be replanted in order to actually
claim low-carbon emissions.
Another consideration when assessing the viability of the STHW conversion is the
energy savings from switching to a hot water working fluid regime. The current Rankine
Cycle system that Dartmouth uses requires enough energy to be supplied such that the
condensate entering the boilers at 163 ◦ F can be vaporized and exit at around 600 ◦ F.
The energy required to heat the condensate enough to induce a phase change is large in
comparison to the energy require to simply heat the water to 185 ◦ F. In turn, the current
system uses significantly more energy to supply steam to campus than would be the
case with hot water. And again, this is outside of the scope of this study, but this fact
must nevertheless be acknowledged when assessing the overall viability of the proposed
conversion. Not only will the new system not require the energy input needed to induce
a phase change, but it will also be spared the other difficulties which result from using
steam instead of water.
To this end, it is important to note the difficulties inherent to steam systems that do
not exist with water distribution systems. First and foremost, steam systems are notoriously maintenance-intensive. The added infrastructure needed for steam systems includes steam traps, which filter out metal oxides and other debris from the lines as a
result of the highly-corrosive nature of steam itself, as well as diaphragm pressure release tanks that mitigate pressure surges, and condensate filter bags, which also remove
debris from liquid condensate to protect the boilers from fouling. All of these components
require regular maintenance and replacement, which is not a concern in hot water systems. The savings incurred by no longer replacing these parts is significant and a major
justification for the large upfront capital investment of a STHW conversion.
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Lastly, there is an inherent safety factor associated with hot water that is not present
with steam systems. The risk to life of a failure in a 185 ◦ F heating line is far lower than
even a small failure in a high-pressure, 266 ◦ F steam system. As has been seen many
times in the past, when steam systems fail, which they are bound to do eventually, the
consequences can be high, both in monetary damages, as well as to human life. Perhaps
the most famous failure in recent memory is the July 18, 2007 incident in Manhattan,
which blasted a crater 35 feet wide and 15 feet deep into the streets of Midtown. It was
later determined that water hammer, a common occurrence in steam systems, was to
blame for the incident that ultimately led to one fatality and 45 casualties. Moreover,
the the distribution line that failed was reaching a century in age, not uncommon with
Generation 1 systems, and upon failure, ejected asbestos debris into the air, creating an
additional health hazard in the process [30]. From this example alone, it is clear that the
dangers of steam systems, especially aged systems is very high, and the sooner they can
be decommissioned and replaced, the better.
All things considered, the planned STHW conversion at Dartmouth is a practical and
strategic move which has a number of potential and assured benefits. First, the potential
GHG emission reductions and energy savings promise to return dividends for the College.
The return on investment is also likely to be relatively short given the savings on fuel costs
and reduced purchase of electricity. Furthermore, the added safety and reduced maintenance costs associated with hot water systems are both highly persuasive motivators
given the reluctance of the College to invest in infrastructure that does not directly showcase the grandeur and importance of the institution. Even though the point of the heating
network is to remain invisible, always functioning properly and without disturbance so that
no one every thinks about it, it still plays a vital role in helping the College reach its 2030
and 2050 sustainability goals. Finally, the analysis of this report is merely the confirmation
of what is already widely agreed upon: the technology and future of district heating has
already been, and will continue to be, hot water. Operators of district networks no longer
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stand to gain anything from steam, since it is volatile, dangerous, and energy-intensive.
The formal recommendation of this report is that the College proceed with its plan as
stated herein, since it is verified to be well within the realm of viability and practicality from
a physical standpoint, and long overdue from a political and environmental standpoint.

30

Appendices

31

APPENDIX A
BUILDING CONFIGURATION

A.1

Current Building Configurations

Table A.1: Current Hybrid-Heating Buildings
1,3,5,7 Rope Ferry Road
Kellog Medical Auditorium
11 Rope Ferry Road- Billings Lee
Kemeny/Haldeman Center
37,50 Dewey Field Road
Leverone Field House
Alexis Boss Tennis Center
MacLean Engineering Sciences Center
Alumni Gymnasium
McKenzie Hall
Baker Berry Library Complex
McLaughlin Cluster
Berry Sports Complex
Moore Psychology Center
Buchanan Hall
Murdough Center
Burke Chemistry
Remsen Center
Byrne Hall
Robinson Hall
Class of 1978 Life Sciences Center Rockefeller/Silsby Center
Class of 1953 Dining Center
Sherman House
Collis Student Center
Steele Hall
Cummings Hall
Sudikoff Laboratory for Computer Sciences
Dana Biomedical Library
Thompson Arena
Fahey/McLane hall
Tuck LLC
Fairchild Physical Sciences Center Vail Hall
Floren Varsity House
Webster Hall/Rauner Library
Hanover Inn
Whittemore hall
Hopkins Center
Wilder Laboratory
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Table A.2: Current Steam-Heating Buildings
Barlett Hall
McNutt Hall
Blunt Alumni Center
North Hall
Chase-Stell-Tuck-Woodbury Cluster Parkhurst Hall
Choate Cluster
Reed Hall
Shabazz Center
Richardson Hall
Webster Hall
Ripley-Smith-Woodward Cluster
Dartmouth Hall
Rollins Chapel
Fairbanks
Russell Sage Cluster
Fayerweather Hall
Thornton Hall
Gold Coast Cluster
Topliff Hall
Hallgarten Hall
Wentworth Hall
Massachusetts Hall
Wheeler Hall

Table A.3: Current Hot Water-Heating Buildings
10 N Park Street
East Wheelock Cluster
17,19 E Wheelock Street
Hitchcock Hall
2 N Park Street
New Hampshire Hall
4 N Park Street
South Chilled Water Plant
Black Family Visual Arts Center Wilson Hall
Channing Cox Hall
Winifred Raven House
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A.2

Future Configuration Additions

Table A.4: Buildings to be connected to Hot Water Network
1 Occum Ridge
36 North Main Street
1 Sanborn House
38 North Main Street
10 West Wheelock Street 4 Currier Place
11 East Wheelock Street 42 College Street
12 Rope Ferry Road
44 North College Street
13 Choate Road
63 South Main Street
13 East Wheelock Street 7 Lebanon Street
13 Webster Avenue
9 Webster Avenue
15 Webster Avenue
Dartmouth Outing Club
23 East Wheelock Street Friends of Rowing Boathouse
24 East Wheelock Street Grounds/Labor Building
25 Lebanon Street
Roth Center for Jewish Life
26 East Wheelock Street Shattuck Observatory
27 Lebanon Street
Sports Pavilion
29 South Park Street
The Lodge
3 Sanborn Road
Tom Dent Cabin
35 North Main Street
Wheelock House

Table A.5: New Planned Buildings
Energy Institute
New Residence Hall
Gilman Life Sciences Center
New Tuck Building
New Engineering School Building Safety Factor North Campus
New Practice Facility
Safety Factor South Campus
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APPENDIX B
PLANNED HOT WATER DISTRIBUTION NETWORK
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Figure B.1: Hot Water Network Map, Adapted from [15]

APPENDIX C
PRIMARY AND PROCESSED DATA

Figure C.1: New Hampshire Hall Raw Magnitude of Steam Consumption
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Figure C.2: New Hampshire Hall Raw Un-imputed Steam Consumption
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Figure C.3: New Hampshire Hall Final Imputed Steam Consumption
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Figure C.4: New Hampshire Hall Raw Un-imputed Heat Delivery
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Figure C.5: New Hampshire Hall Final Imputed Heat Delivery
10

5

7

6

BTU/HR

5

4

3

2

1

0
2014

2015

2016

2017

39

2018

2019

Figure C.6: Dartmouth Hall Raw Un-imputed Steam Consumption
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Figure C.7: Dartmouth Hall Final Imputed Steam Consumption
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Figure C.8: Dartmouth Hall Raw Un-imputed Heat Delivery
6

10 5

5

BTU/HR

4

3

2

1

0
2014

2015

2016

2017

2018

2019

Figure C.9: Dartmouth Hall Final Imputed Heat Delivery
6

10

5

5

BTU/HR

4

3

2

1

0
2014

2015

2016

2017

41

2018

2019

REFERENCES

[1] Henrik Lund, et al., “4th Generation District Heating (4GDH): Integrating smart thermal grids into future sustainable energy systems,” Energy, vol. 68, pp. 1–11, 2014.
DOI : 10.1016/j.energy.2014.02.089.
[2] Elizabeth Nolder and Stephen Pollard, Early Adopters of District Energy, Ivy League
schools continue expanding and improving their underground distribution networks,
International District Energy Association, 2018.
[3] Behnaz Rezaie and Marc A. Rosen, “District heating and cooling: Review of technology and potential enhancements,” Applied Energy, vol. 93, pp. 2–10, 2012. DOI:
10.1016/j.apenergy.2011.04.020.
[4] American Society of Heating, Refrigerating and Air-Conditioning Engineers, 2016
ASHRAE Handbook: HVAC Applications. ASHRAE, 2016.
[5] Christos A. Frangopoulos, Cogeneration: Technologies, Optimisation and Implementation. The Institution of Engineering and Technology, 2017.
[6] Sustainable Stanford, Stanford energy system innovations (sesi), https://sustainable.
stanford.edu/campus-action/stanford-energy-system-innovationssesi, 2017.
[7] ——, Frequently asked questions: Stanford energy system innovations (sesi) project,
In print, 2018.
[8] ——, Fact sheet: Stanford energy system innovation (sesi) project, In print, 2018.
[9] Ecosystem Energy, Inc., How steam to hot water conversion and other transformational changes lead the way. https : / / ecosystem - energy . com / news /
toward-net-zero/, 2018.
[10] O’rya Hyde-Keller, Brown launches three-year, $24 million project to boost thermal
efficiency. https://news.brown.edu/articles/2017/11/thermal, 2018.
[11] Trustees of Dartmouth College, Power plant, https://www.dartmouth.edu/
˜fom/services/engineering/powerplant.html, 2019.
[12] Scott D. Hening., “Dartmouth heating plant year-end totals,” Unpublished. Retrieved
from CPF Drive: March 2019, Updated 2018.

42

[13] Bo Petersson, “Energy efficient buildings at dartmouth college,” Guest lecture presentation to ENGS 44, 2017.
[14] “Distribution network real-time conditions,” Unpublished. Retrieved from Johnson
Controls Network Monitoring System, March 2019.
[15] Knud Erik Bladt Nielsen and Nikolaos Chrysafis, “DARTMOUTH COLLEGE HEATING NETWORK GENERAL TECHNICAL DESCRIPTION,” Unpublished, Ramboll
Group. Ref. 1100020657, ID: 666896-34, Ver. 2, 2016.
[16] Jacob Chalif, “Dartmouth hires consultants to explore options for new power plant,”
The Dartmouth, Published online. 2018.
[17] Knud Erik Bladt Nielsen and Nikolaos Chrysafis, “BOILER AND ORC,” Unpublished,
Ramboll Group. Ref. 1100020657, ID: 713602-6, Ver. 2, 2016.
[18] Gert Schultz and Olof Redin, “FUEL SUPPLY AND STORAGE,” Unpublished, Ramboll Group. Ref. 1100020657, ID: 682287-40, Ver. 1, 2016.
[19] Andrew Friedland, “Lecture: April 11,” Unpublished Slides for ENVS 12 Energy and
the Environment, Dartmouth College, 2019.
[20] United States Department of Energy, Individual steam properties calculator, https:
/ / www4 . eere . energy . gov / manufacturing / tech _ deployment / amo _
steam_tool/propSteam, 2015.
[21] Pathways Consulting LLC, McFarland-Johnson, Inc., Fleck and Lewis Architects,
and Yeaton Associates, “New Hampshire Hall As-Built Drawings,” Unpublished. Retrieved from CPF archives: April 2019, 2009.
[22] Facilities Operations and Management, Steam Usage Data: New Hampshire Hall
Jan 1, 2014 - Jan 1, 2019, Retrieved from VantagePoint archives: March 2019.
[23] ——, Steam Usage Data: Dartmouth Hall Jan 1, 2014 - Jan 1, 2019, Retrieved from
VantagePoint archives: March 2019.
[24] The MathWorks, Inc., Documentation: fillmissing, https : / / www . mathworks .
com/help/matlab/ref/fillmissing.html, 2019.
[25] American Society of Heating, Refrigerating and Air-Conditioning Engineers, 2017
ASHRAE Handbook: Fundamentals. ASHRAE, 2017.
[26] Engineering Toolbox, Online air viscosity calculator, https://www.engineeringtoolbox.
com/air-absolute-kinematic-viscosity-d_601.html, 2019.

43

[27] Berndt Wischnewski, Calculation of thermodynamic state variables of air, https:
//www.peacesoftware.de/einigewerte/calc_luft.php7, 2019.
[28] David B. Go, Overview: Free Convection, Lecture slides for the course AME 60634
Intermediate Heat Transfer, University of Notre Dame, 2017.
[29] Andrew Friedland, “Lecture: May 14,” Unpublished Slides for ENVS 12 Energy and
the Environment, Dartmouth College, 2019.
[30] ABS Consulting, July 18,2007 Steam Incident Investigation at East 41st Street
and Lexington Avenue New York, NY, https : / / web . archive . org / web /
20150923210140/http://www.coned.com/messages/ABSReport.pdf,
Report No. 1763931-R-001. December 2007.

44

